Objective-Short and long sleep duration are associated with increased risk of clinical cardiovascular events, but the association between sleep duration and subclinical cardiovascular disease is not well established. We examined the association between sleep duration and sleep quality with coronary artery calcification (CAC) and with brachial-ankle pulse wave velocity (PWV) in a large sample of young and middle-aged asymptomatic adults. Approach and Results-We conducted a cross-sectional study of adult men and women who underwent a health checkup examination, including assessment of sleep duration and quality and coupled with either CAC (n=29 203) or brachialankle PWV (n=18 106). The multivariate-adjusted CAC score ratios (95% confidence interval) comparing sleep durations of ≤5, 6, 8, and ≥9 hours with 7 hours of sleep were 1.50 (1.17-1.93), 1.34 (1.10-1.63), 1.37 (0.99-1.89), and 1.72 (0.90-3.28), respectively (P for quadratic trend=0.002). The corresponding average differences in brachial-ankle PWV were 6.7 (0.75-12.6), 2.9 (−1.7 to 7.4), 10.5 (4.5-16.5), and 9.6 (−0.7 to 19.8) cm/s, respectively (P for quadratic trend=0.019).
S leep of adequate duration and quality is essential to restore functional capacity and maintain homeostasis. 1, 2 Adequate sleep may also be critical for cardiovascular health, [3] [4] [5] as several epidemiological studies have shown an increased risk for clinical cardiovascular disease (CVD) events with both short and long sleep duration. [6] [7] [8] A common criticism of these studies is that sleep disturbances may be the consequence of comorbidities, such as obesity or depression, which confound the associations between sleep duration and CVD. 9 Thus, it is important to evaluate the associations between sleep disturbances and subclinical measures of arterial disease in young and apparently healthy participants who are less likely to be affected by comorbidities or medication use.
Coronary artery calcium (CAC) and arterial stiffness are subclinical measures of vascular disease, which predict the development of CVD events. [10] [11] [12] The few studies that have evaluated the association between sleep duration and CAC reported largely negative results [13] [14] [15] but were limited by insufficient sample size. A small prospective study showed a reduced incidence of CAC with increasing sleep duration 14 and 2 small cross-sectional studies showed that long sleep duration is associated with higher brachial-ankle pulse wave velocity (baPWV), 16, 17 but the limited sample size precluded a detailed estimate of the doseresponse relationship. 14 Moreover , little is known about the association of subjective sleep quality with the risk of subclinical vascular disease. Therefore, we examined the associations between sleep duration and quality with subclinical vascular disease assessed by CAC and by baPWV in a large sample of young and middle-aged asymptomatic men and women participating in a health screening program. Consistent with studies of sleep and clinical CVD end points, we hypothesized that participants with short and long sleep durations, and those with poor quality sleep, will have an increased prevalence of abnormalities in subclinical markers of arterial disease.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

Baseline Characteristics of Study Participants
The mean age of the participants in the CAC component of the study (n=29 203) was 41.8 years, and 81.4% of participants were men. The prevalence of CAC scores >0 was 14.2% (n=4158), including a 12.0% prevalence of CAC scores of 1 to 100 (n=3501) and a 2.2% prevalence of CAC scores >100 (n=657). The mean (SD) sleep duration was 6.4 hours (1.1), and 84.3% of participants reported good subjective sleep quality. Compared with participants who slept 7 hours, short (≤5 hours) sleepers were older, less likely to be married, and more likely to have health-enhancing physical activity level, depression, hypertension, diabetes mellitus, and to be current smokers and high-frequency alcohol users (Table 1) . Long (≥9 hours) sleepers were less likely to be men, university graduates, or current smokers, and had a lower frequency of alcohol intake, but were more likely to have health-enhancing physical activity level, depression, hypertension, and diabetes mellitus than those who slept 7 hours. Sleep quality increased with increasing sleep duration. The mean age of participants in the PWV component of the study (n=18 106) was 45.8 years, and 69.0% of the participants were men. Factors related to sleep duration among participants in the PWV component were similar to those associated with sleep duration in the CAC component ( Table 2 ).
Sleep Duration, CAC, and baPWV
The association between sleep duration and CAC was U-shaped ( The association between sleep duration and baPWV was also U-shaped (Table 4 ). The multivariable-adjusted average differences in baPWV (95% CI) comparing sleep durations of ≤5, 6, 8, and ≥9 hours with 7 hours were 6.7 (0.7-12.6), 2.9 (−1.7-to 7.4), 10.5 (4.7-16.5), and 9.6 (−0.7 to 19.8) cm/s, respectively (P for quadratic trend=0.019). Sensitivity analyses setting baPWV values >2000 to 2000 cm/s yielded similar findings (not shown).
Sleep Quality, CAC, and baPWV
Poor subjective sleep quality was associated with CAC in women but not in men (P for interaction <0.001; Table 3 ). Women with poor subjective sleep quality had an increased prevalence of positive CAC scores compared with those with good subjective sleep quality (8.8 versus 5.6%; P<0.001), whereas no significant difference was observed between subjective sleep quality and the prevalence of positive CAC scores in men (16.9 versus 15.8%; P=0.13). The CAC score ratios comparing poor with good sleep quality were 1.10 (95% CI, 0.86-1.42) and 2.46 (95% CI, 1.30-4.65) in men and women, respectively. In women, this association remained significant after adjusting for potential confounders and biological mediators.
Poor subjective sleep quality was associated with higher baPWV, but the association was stronger in men than in women ( Table 4 ). The multivariable-adjusted average differences in baPWV (95% CI) comparing poor with good sleep quality were 6.6 (1.6-11.6) and 2.7 (−5.3 to 10.7) in men and women, respectively.
Subgroup Analyses
The association between sleep duration with both CAC and baPWV was modified by age. For CAC, a U-shaped association was evident in both young and old participants, but the association was slightly stronger in younger participants ( Table 5 ). For baPWV, older participants showed a U-shaped pattern, but in younger participants, only short sleep duration was associated with increased baPWV ( Table 6 ). Other factors did not significantly modify the association of sleep duration with CAC or baPWV.
Discussion
In this large study of apparently healthy men and women, sleep duration showed a U-shaped association with coronary calcification and arterial stiffness, independent of cardiovascular risk factors, socioeconomic characteristics, and subjective sleep quality. Participants who reported 7 hours of sleep duration had lower burden of CAC and lower baPWV when compared with participants with shorter or longer sleep durations. Poor subjective sleep quality was also associated with a higher burden of CAC and a higher baPWV, although the association with CAC was stronger in women, whereas the association with baPWV was stronger in men. Because of the large sample size of our study compared with previous studies in this area, we were able to provide detailed dose-response analysis of the association of sleep duration with CAC and with baPWV for a wide range of sleep durations and observed a U-shaped relationship.
Only 3 studies have evaluated the association between sleep duration and CAC. [13] [14] [15] Two small studies were essentially null. 13, 15 In addition to sample size, the discrepancies with our findings may be based on the analytic approach, as these studies estimated the average change in CAC per 1 hour increase in sleep duration assuming a linear relationship, 14, 15 or compared mean sleep duration across CAC groups (0, 1-99, and ≥100). 13 In the Coronary Artery Risk Development in Young Adults (CARDIA) study, sleep duration measured by actigraphy was related to an increased incidence of CAC after >5 years of follow-up. 14 In the CARDIA study, the small number of events (61 incident cases of CAC) precluded a more detailed study of the dose-response relationship. Only 2 studies have evaluated the association between sleep duration and arterial stiffness. 16, 17 In a population-based study of 3508 Taiwanese adults, long sleep duration was associated with a higher risk of increased arterial stiffness in males. Both studies, conducted in East Asian populations, found a positive association of long sleep duration with PWV. Our results are in line with these findings and also showed that participants with short sleep duration also had increased baPWV when compared with those who reported with 7 hours of sleep duration.
Our study thus provides novel evidence that the association of sleep duration with markers of subclinical coronary atherosclerosis and of arterial stiffness is U-shaped, and provides a pathological basis for both linking short and long sleep duration with an increased incidence of CVD events. Indeed, our findings are consistent with previous epidemiological studies on the association between sleep duration and clinical CVD events or mortality. Sleep duration showed a U-shaped association with CHD incidence and CVD mortality in several population-based cohort studies. [18] [19] [20] In a meta-analysis of cohort studies, the relative risks for incident CHD in participants with short and long sleep duration were 1.48 and 1.38, respectively. 6 Several mechanisms may account for the U-shaped association of sleep duration with coronary calcification and with arterial stiffness. Quantitatively and qualitatively insufficient sleep is associated with many cardiometabolic abnormalities, 21 including elevated blood pressure, 22 impaired glucose metabolism, 23 and inflammatory markers, 24 which may be mediated by changes in cortisol levels. 25, 26 The association of sleep duration with CAC and baPWV did not materially change after adjusting for body mass index, systolic blood pressure, fasting serum glucose, or C-reactive protein, but we did not have measures of cortisol levels in our study. Sleep deprivation was also associated with endothelial dysfunction 27 and increased endothelin-1 leading to elevated vascular smooth muscle tone. 28 In addition, a recent study by our group showed that short sleep duration and poor sleep quality were associated with an increased risk of nonalcoholic fatty liver disease, a marker of pathological ectopic fat deposition 29 that may be associated with subclinical vascular disease. 30, 31 With respect to the mechanisms involved in the association between long sleep duration with CAC and baPWV, long sleep duration has been associated with increased levels of inflammatory markers. 32 Sleep fragmentation and concomitant nocturnal arousal attributed to long sleep duration 33, 34 may also activate the sympathetic nervous system. 35 Additional mechanistic studies are needed to fully understand the association of both short and long duration of sleep with coronary atherosclerosis and arterial stiffness. The relationship between sleep duration and CAC were statistically significantly different in younger compared with older participants, but the overall shape and direction of the association were similar. For baPWV, young participants with long duration of sleep did not have increased arterial stiffness. Some studies have shown that the adverse effects of extreme sleep duration on health are weaker in older participants and hypothesized that the age-related increase in comorbidities may confound the association between sleep and cardiovascular health. 22, 36 This hypothesis is unlikely to explain the differences in our study, as study participants were asymptomatic and free of clinically overt disease, but we did not have detailed sleep questionnaires to assess the potentially different reasons for extreme sleep durations in younger compared with older participants.
Interestingly, the observed associations between sleep duration and subclinical CVD were independent of subjective sleep quality. In a recent study, subjective sleep disturbance mediated the effect of self-reported short sleep duration on an increased risk of obesity, which is a risk factor for coronary atherosclerosis. 37 In our study, poor subjective sleep quality slightly attenuated the association between sleep duration and markers of subclinical arterial disease, but the association remained significant. Our findings suggest that extreme sleep duration may affect cardiovascular system even in individuals who reported subjective good sleep quality.
The association of sleep quality with CAC was stronger in women compared with men, whereas the association of sleep quality with baPWV was stronger in men compared with women. There are well-known differences between men and *Adjusted for age, sex, study center, year of visit, education, marital status, depression, smoking status, alcohol consumption, physical activity, body mass index, fasting glucose, systolic blood pressure, diastolic blood pressure, height, and heart rate.
†Derived from a quadratic term to test nonlinear relationships centered at 7-h sleep duration.
women in terms of cardiovascular risk and the development of atherosclerosis, which maybe mediated by hormonal differences or difference in health behaviors. [38] [39] [40] Few studies have evaluated potential mechanisms for the interaction between sex and subjective sleep quality on subclinical arterial disease. Elevated inflammatory markers may be associated with poorer subjective sleep quality in women but not in men, [41] [42] [43] but the implications of these differences for the development of atherosclerosis and arterial stiffness are unknown. In addition to possible biological mechanisms, the differences between men and women that we observed in our study could have originated because of multiple comparisons or because the number of women that participated in our study was smaller than the number of men, with increased variability in the results for women. Further research is needed to confirm these findings and to establish the role of sex in modulating the impact of sleep quality on subclinical arterial disease. In our study, PWV was measured using the brachial-ankle method. BaPWV is a convenient, relatively simple measurement, which integrates peripheral and central arterial stiffness. Moreover, as the brachial-ankle method overcomes some of the technical issues associated with carotid-femoral measurements, it is appealing for epidemiological research and clinical practice, particularly in obese patients. To compare PWV measurements across studies, it is important to note that baPWV are usually 1 to 2 m/s higher than carotid-femoral measurements. 44 Several limitations should be considered when interpreting our findings. First, sleep duration was measured based on self-report, and a misclassification of primary exposure categorization may have occurred because self-reported sleep duration is moderately associated with objective sleep measures. 45 Second, we excluded participants with a history of sleep apnea, but we did not screen participants for the presence of obstructive sleep apnea using an objective measure. Although poor subjective sleep quality and obesity are strongly correlated with sleep apnea 46, 47 and may confound the U-shaped relationships between sleep duration and markers of subclinical arterial disease, we found that these potential confounders did not change this associations, indicating that it is unlikely that only sleep apnea could account for the higher CAC scores or higher baPWV associated with extreme sleep duration. Third, extreme sleep duration and poor sleep quality may simply be markers of other underlying pathologies. Although we cannot completely rule out this possibility, our study sample was comprised relatively young healthy adults with a minimal number of comorbidities and no clinically evident CVD. Adjusting for depressive symptom score did not modify the associations. Finally, our results were based on a sample of relatively healthy young Korean men and women and may not be generalizable to other populations.
The major strengths of our study were the large sample size, the use of high quality data collection methods to obtain a detailed panel of potential confounders and mediators, and the use of a relatively healthy population without a history of sleep disorders or CVD, in which the associations between sleep duration and markers of subclinical arterial disease were less likely to be confounded by comorbidities or medication use.
Conclusions
In conclusion, we found that extreme sleep duration or poor subjective sleep quality was associated with higher CAC score ratios and higher baPWV. Our results underscore the importance of adequate sleep quantity and quality to maintain cardiovascular health and support the need for considering subjects with extreme duration or poor subjective quality of sleep at high risk for CVD. 
